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ABSTRACT

We report new multi-spacecraft Cluster observations of tripolar guide magnetic field perturbations at a solar wind
reconnection exhaust in the presence of a guide field By, which is almost four times as strong as the reversing field
B;. The novel tripolar field consists of two narrow regions of depressed By, with an observed 7%-14% ABy,
magnitude relative to the external field, which are found adjacent to a wide region of enhanced B,, within the
exhaust. A stronger reversing field is associated with each B;, depression. A kinetic reconnection simulation for
realistic solar wind conditions and the observed strong guide field reveals that tripolar magnetic fields preferentially
form across current sheets in the presence of multiple X-lines as magnetic islands approach one another and merge
into fewer and larger islands. The simulated AB,,/AXy over the normal width AXy between a By; minimum and
the edge of the external region agree with the normalized values observed by Cluster. We propose that a tripolar
guide field perturbation may be used to identify candidate regions containing multiple X-lines and interacting
magnetic islands at individual solar wind current sheets with a strong guide field.
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1. INTRODUCTION

Magnetic reconnection is an important plasma physics
process whereby initially separated magnetic fields become
connected across a current sheet of some critical thickness
(e.g., Priest & Forbes 2000). A major characteristic of this
process is the Alfvénic acceleration of charged particles in two
opposite jets (e.g., Paschmann et al. 1979; Sonnerup
et al. 1981; Davis et al. 2006). The diffusion region where
the opposite fields reconnect is defined as the location where
the plasma and magnetic field decouple from one another, with
electrons and ions decoupling on different length scales related
to their respective inertial lengths, L, = c/wp and L; = c/wp;.
The Hall term of the generalized Ohm’s law is a manifestation
of this decoupling of electron and ion motion in the ion
diffusion region (Sonnerup 1979; Terasawa 1983). An in-plane
Hall current system forms with an out-of-plane quadrupole Hall
magnetic field pattern around a single X-line (e.g., Son-
nerup 1979; Terasawa 1983; Birn et al. 2001; @ieroset
et al. 2001; Mozer et al. 2002) that corresponds to a bipolar
Hall magnetic field across each jet. This Hall magnetic field
becomes increasingly asymmetric as the magnitude of the
background guide field increases (e.g., Eastwood et al. 2010;
Eriksson et al. 2014), such that the normal width of the
depressed guide field decreases at the expense of widening
regions of enhanced guide field that come to dominate the
exhaust region (Lapenta et al. 2015).

Eriksson et al. (2014) reported a reconnection exhaust that
displayed a strong guide field, By, = 5.5 nT, in the solar wind
and a smaller B; = 2nT magnitude of the reconnecting field,
which corresponds to a high B,/B; = 2.8 guide field ratio. The

exhaust was first encountered by the WIND satellite 63 minutes
before reaching the two Lunar-orbiting ARTEMIS probes,
which were separated by about 430 L; along the exhaust
direction relative to WIND. A guide field enhancement was
recorded within each of the exhausts, while unusual guide field
depressions were recorded on both sides of the exhausts despite
the significant separation in space and time of the observations.
The two guide field depressions adjacent to an exhaust are not
consistent with an asymmetric quadrupole Hall field around a
single X-line. It was argued on the basis of the observed
electron velocity signatures along the exhaust edges, which are
consistent with the presence of in-plane currents, that the two
guide field depressions were generated by in-plane Hall
currents from two separate X-lines. This interpretation was
supported by a reconnection simulation for a relatively weaker
guide field ratio B,,/B; = 0.5.

Here we report multi-spacecraft observations of this novel
tripolar guide field perturbation across a solar wind exhaust for
a stronger By/B; = 3.9 as encountered by the four Cluster
satellites at a much smaller separation in both space and time,
which allows for a detailed examination of this field signature
along the exhaust direction. We compare these observations
with kinetic reconnection simulation results for the observed
By/B; and demonstrate that a tripolar out-of-plane magnetic
field perturbation is consistent with multiple X-lines as first
suggested by Eriksson et al. (2014). However, it appears that
the By, depressions of an asymmetric quadrupole Hall magnetic
field are quenched in a sufficiently strong guide field and that
interacting magnetic islands provide an alternative explanation
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Figure 1. Cluster C1-C4 multi-spacecraft observations during a 43 s interval
between 1838:06 and 1838:49 UT on 2006 February 2 where colors represent
C1 (black), C2 (red), C3 (green), and C4 (blue). The figure shows
(a) magnetic field strength and the magnetic field components (b) B, (c)-
(f) Bu, (g) By, (h) observed (solid dots) and predicted (solid lines) V; velocity
components at C1 and C3, and (i) plasma number density. The LMN directions
are Lgsg = (0.335, —=0.366, 0.868), Mgsg = (0.000, —0.922, —0.388), and
Ngse = (0.942, 0.130, —0.309).

for the development of tripolar guide field perturbations in a
strong guide field as we describe in this report.

2. CLUSTER OBSERVATIONS IN THE SOLAR WIND

The four-spacecraft Cluster mission (Escoubet et al. 2001)
has the unique capability to provide spatial information on the
distribution of reconnection-related magnetic fields along a
solar wind exhaust. Figure 1 shows an event detected by
Cluster shortly after 18:38 UT on 2006 February 2 in the solar
wind. The observations are displayed using a boundary normal
LMN coordinate system, which is based on a local cross-
product normal N = B x B,/|B| x B, where B| and B, are the
external 8s average magnetic field directions in Geocentric
Solar Ecliptic (GSE) coordinates measured by Cluster (Balogh
et al. 2001) on either side of a magnetic field discontinuity. The
guide field M direction is defined as the unit vector of the
cross-product between N and the maximum variance direction
of the magnetic field (Sonnerup & Scheible 1998) across the
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discontinuity. L = M x N completes the orthogonal LMN
system. Figure 1(b) shows that all Cluster satellites observed a
magnetic field rotation from B; = 1.8nT to B, = —4.6nT
which corresponds to a 48° shear angle for the observed strong
By = 6.9nT guide field (Figures 1(c)—(f)). The rotation was
first encountered by Cluster-4 (C4) at 1838:19 UT. Cluster-3
(C3) was the last satellite to observe the end of the rotation at
1838:37 UT. The observed magnetic field is shown at 45 ms
resolution to fully resolve this current sheet with a normal
direction oriented roughly along the Sun-Earth line. The
By component of the magnetic field displayed a tripolar
perturbation signature superposed on the strong external guide
field across the current sheet at all four satellites (Figures 1(c)-
(f)). The signature consists of two narrow By, depression
regions located on either side of a wider region of enhanced B,
that extends across most of the current sheet. Each B,
depression coincides with an enhanced magnitude of the
reversing B; component at all satellites. The normal component
of the magnetic field (Figure 1(g)) shows a strong negative-
then-positive By deflection as C3 entered the current sheet
which is then followed by a negative By deflection upon exiting
the current sheet. The negative By, deflections coincide with the
two B, depressions. C4 observed a similar pair of weak By < 0
deflections coincident with the B;, depressions and a weak
By > 0 during the central B, enhancement. In contrast, C1 and
C2 observed a negative By throughout the B,, enhancement
region and a small positive By upon leaving the second B,
depression. C2 also observed a distinct negative By as it
entered the B,, enhancement region. The 8.1 s duration of the
tripolar event at C3 and the observed mean normal velocity
Vy = =321 kms™" across it (not shown) were used to estimate
a 35 L; normal width.

The V; component of the available velocity observations at
C1 and C3 shows the presence of a plasma jet in the negative
L direction at both satellites (Figure 1(h)) that appears to be
off-centered relative to the highly resolved current sheets. This
offset can likely be explained by the lower resolution of the
plasma moments (Reéme et al. 2001), which are time tagged at
the center of each 4 s spin resolution interval. A proton mass
density (p = Nm,) weighted velocity prediction V, = V,o +
AV; is applied separately from the two external sides of the
event toward a center location of the current sheet and supports
the presence of a reconnection exhaust encounter at both
satellites. V;q is the L component of the external reference
velocity at time r = 0 and AV, (r) = £(B.(t)/p(t)-Bro/po)*
(po/pio)®> is based on a tangential momentum balance
(Paschmann et al. 1986) where B;o and po are the reference
magnetic field and proton mass density values at time ¢ = 0,
respectively. We used the 45 ms resolution B; and a 0.2s
resolution plasma number density N (Figure 1(i)) interpolated
to By to calculate AV;. N is derived from a X2 curve fit of the
0.2s resolution spacecraft potential P, (Gustafsson
et al. 2001) to the electron density measured at lower cadence
(Décréau et al. 2001). The fitting function is N = Noexp(Ps./
®y) (Pedersen et al. 2008) where N, and P, are constants
determined from the fit. The external density on the two sides
of the exhaust (N = 10.5 and 8.7 cm™) resulted in a mean ion
inertial length, L; = 74 km. The V; prediction at C3 indicates a
positive flow deflection prior to the negatively directed exhaust.
This predicted feature, which is due to the B; enhancement,
cannot be confirmed by the 4s resolution plasma
measurements.
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Figure 2. (Top) Cluster spacecraft positions (L;) relative to C3 in the N-
L plane. The C3 reference position is Pgsg = (13.7, 3.3, —11.2) Rg (1
Rr = 6378 km). (Bottom) Proposed tripolar event schematic where AB,,
variations are shown as encircled dots (ABy, > 0) and crosses (ABy, < 0).
Open arrows represent assumed exhausts, blue arrows represent observed
exhaust directions, and red arrows correspond to the assumed electron velocity.
Solid colored line segments show the direction and magnitude of the in-plane
magnetic field (black arrows) as observed along the spacecraft trajectories
which are shown at their effective separation and tilted 20° from the current
sheet normal, consistent with the in-plane solar wind velocity.

The current sheet was encountered in a C4-C2-C1-C3
sequence in agreement with their separations along the mostly
sunward-pointing normal N direction (Figure 2, top). The
average Vy = —321 kms™" recorded at C3 and the 46 L; normal
separation between C3 and C4 resulted in a predicted 10.5s
time delay consistent with the observed average 10.1 s delay of
the two event boundaries between these satellites. The current
sheet was planar over the satellite configuration as the sunward-
pointing normal predicted a 3.6 s delay in agreement with the
observed average 3.4 s delay of the two boundaries between C2
and C3. The Cluster satellites were separated by 96 L; in space
along the exhaust L direction or 90 L; with respect to the
tripolar signature when considering the observed 3.4s
propagation delay between C2 and C3 at the 116 kms™" solar
wind speed along the negative L direction. All four satellites
recorded a similar tripolar B,, signature, although this signature
was most visible at the neighboring C3 and C4 pair. This pair
was separated by 24 L; in space along the exhaust, which
translates to 9 L; when considering the 10.1 s propagation delay
from C4 to C3 and the L component of the solar wind velocity.

Table 1 provides a summary of the observed external density
and magnetic fields, the minimum B,, within the depressions,
and their differences AB,; = By~Byo relative to the external
guide field (Byy) and along the positive normal direction for all
satellites. The magnitude of the AB,, depressions were
observed to be 7%-14% relative to the external B, =
(Bfy + Bj)">. This corresponds to a normalized value of
ABy/AXy = 0.02-0.04 By/L; for the strongest depressions
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when taking into account the normal widths AXy = |VA*Atgm
as measured between each Bj, minimum and its adjacent
non-perturbed external region and Vy = —321kms™'. It
appears that the strength of the tripolar By, signature, as seen
primarily in the magnitude of the first B), depression, decreased
with distance along the exhaust from ABy/AXy = 0.02By/L;
at C3 to a value as low as 0.005By/L; at C2. The
ABy/AXy depressions were, in general, stronger and less
variable on the other side of the exhaust where they ranged
from a peak value of 0.04By/L; at C3, 0.03By/L; at C2, and
002B0/Ll at Cl.

Figure 2 (bottom) shows a schematic based on these multi-
spacecraft observations of the magnetic field along the negative
direction of the in-plane projection of the solar wind velocity
Ve = (=321 ep—116e;) km s™! where ey and e; are the Ngsg
and Lgsg unit vectors, respectively. Colored line segments
along the spacecraft trajectories correspond to observed
changes of the in-plane magnetic field. The curvature of this
in-plane field with C2 and C1 observing a negative By within
the exhaust region, while C3 observed a strong positive By, is
consistent with the presence of two small magnetic islands.
One small island centered between C1 and C3 is not consistent
with the observed By, since that would have required
a direction opposite to the observed exterior B; field. The
observed unidirectional exhausts at C1 and C3 (blue arrows in
the schematic), which were separated by 47 L; or 0.5 Rg (1
R = 6378km), exclude the presence of an active X-line
between C1 and C3 to explain the observed opposite signs of
By, as that would have generated two opposite exhausts. The
observed exhausts rather suggest that an X-line was present
somewhere to the left of C1 in the schematic, and most likely to
the left of C2, since both C1 and C2 observed a negative By
field. We interpret the strong and positive By that C3 observed
as an edge-related, and perhaps compressed, magnetic field of
an island that presents an obstacle to the exhaust flow from the
left. A negative By from a second X-line somewhere to the right
of C3 is therefore a plausible scenario that leads to the
proposed schematic in Figure 2 consisting of two small islands
immersed within a large-scale island, which we will discuss in
connection with the kinetic simulation results presented in the
next section. The two B, depression regions appear to be
consistent with two outer bands of guide field depression
adjacent to a central region of enhanced guide field at the
location of the four Cluster satellites. This is clearly different
from an asymmetric quadrupole Hall field signature which is
expected around a single X-line for a weak guide field (e.g.,
Eriksson et al. 2014). Ampere’s law requires an in-plane
current in a counterclockwise direction to support the enhanced
out-of-plane magnetic field at the center of the current sheet.
The schematic assumes that this in-plane current is carried
primarily by an in-plane field-aligned electron velocity as
indicated by the inner clockwise pair of red arrows. The same
argument requires a clockwise in-plane current along the outer
edge of the two bands of the observed guide field depressions.
Table 1 suggests that a current density on the order of
J; = 1.5nA m™? is required to support the first ABy; = —1.0nT
depression at C3, while a stronger J; = —3.2nA m™~ is needed
to support the second ABy; = 1.0nT depression. Here, it is
assumed that Jp = —ABy/(1oAXy). These currents are
indicated by the outermost pair of counterclockwise red arrows
in Figure 2, which again correspond to the electron velocity. It
is also assumed that the large-scale O-line structure in Figure 2
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Table 1
Cluster Observations of Event Boundary Times (7,) and Times of Minimum By, (tzm) Relative to 18:38:00 UT on 2006 February 2

Cl, Cl, C2, C2, C3, C3, C4, C4,
1,(8) 275 35.6 25.5 339 29.1 37.2 18.9 273
tem(s) 29.51 34.59 28.45 33.14 30.70 36.41 20.24 26.44
Atgm(s) 2.01 1.01 2.95 0.76 1.60 0.79 1.34 0.86
Ny(em™) 10.5 8.5 10.5 8.7 10.5 8.7 10.5 8.5
L;(km) 70.3 78.1 70.2 77.1 70.1 71.3 70.2 78.1
Bo(nT) 1.90 —4.44 1.67 -4.58 1.79 -4.58 1.65 -4.40
Byo(nT) 6.89 6.86 7.05 6.85 6.96 6.85 7.03 6.85
Bpo(nT) 0.13 -0.05 -0.14 -0.04 -0.07 -0.01 -0.19 -0.05
By(nT) 7.15 8.17 7.25 8.24 7.19 8.24 7.22 8.14
By (nT) 6.41 6.30 6.56 6.16 5.99 5.84 6.40 6.18
ABy(nT) -0.49 0.56 —-0.49 0.69 -0.98 1.01 -0.64 0.67
AXn(L;) 9.2 4.1 13.5 32 73 33 6.1 35
|ABMm/Bol 0.07 0.07 0.07 0.08 0.14 0.12 0.09 0.08
AB/ AXn(By/L;) 0.007 0.017 0.005 0.026 0.019 0.037 0.014 0.023
Jo(nA m™) 0.6 -14 04 -23 1.5 -32 12 -19
Aten(s) 5.08 4.69 571 6.20
AXN e (L)) - 22.0 20.4 - 24.9 26.8

Note. Time differences Argyy = |fgm—1;| are translated into normal widths AXy, using the observed external speed of the solar wind at C3, Vy = =321 km s~

!, while

magnetic fields are normalized to BO2 = Bfo + B,E,O when applicable. The exhaust width is defined using Az, the time difference between By, minima.

did not evolve or drift substantially along the exhaust direction
during the 18.3 s duration of the Cluster encounter. This is
consistent with a maximum drift estimated to be 414 km or 5.6
L; based on the mean external L component V; = 23 km s7!
of the Alfvén velocity. This is small compared to the effective
90 L; separation of the Cluster satellites.

3. KINETIC RECONNECTION SIMULATION RESULTS

We performed a 2.5 dimensional kinetic reconnection
simulation using an implicit particle-in-cell (PIC) numerical
code (Lapenta et al. 2010, 2011; Markidis et al. 2010, 2012)
with two oppositely directed current sheets of different initial
thickness in order to examine the generation of the observed
tripolar guide field perturbations. The simulation employs a
mass ratio m;/m, = 256 with physical mass electrons and light
ions, a strong guide field ratio By/B; = 3.9 corresponding to
the maximum ratio observed by Cluster, and solar wind-like
temperature conditions (Te = 10 eV, Ti = Te) in a 200 x 30 L;
simulation box. The simulation was initialized using Vj,/
¢ = 0.039, where c is the speed of light. V, is the Alfvén speed
based on the background density N, and the magnetic field B,
where Bi = (B + Bjy) is the asymptotic field at wer = 0
and w,; = eBy/m;. The initial state is in force-free equilibrium
with uniform density N, across both current sheets in general
agreement with the absence of a local density increase across
the current sheet that Cluster encountered. The pressure
gradient associated with the reconnecting field, which has a
functional form By (xy) = £Bjo*tanh(xp/6), is balanced by a
small enhancement of the strong guide field at the center of
each current sheet where By(xy) = (Bio + Biy—Bi(xn)?)"’
and Bp/Bro = 3.9 such that the total field strength B
(xy)*> = Bi(xy)* + Bu(xy)> = B§ is constant at 1 = 0
when Byg = 0.

Figure 3 shows the out-of-plane B,, magnetic field variation
normalized by the background B, in a central 100 x 30 L;
section of the simulation box at four different times of the
simulation. The upper current sheet was initially 10 times
thinner than the lower current sheet and experienced

spontaneous tearing with magnetic islands forming between
multiple X-lines. A large number of initially small islands are
forced together by exhaust flows and generally coalesce into
fewer and larger islands as time progresses. The magnetic flux
within the growing islands typically increases in the guide field
direction over time as a result of this island merging process.
The lower current sheet, in contrast, supports a dominant single
X-line at the location of an initial seed perturbation.
Independent simulations using a stable lower current sheet
that excludes a field perturbation confirm that the two current
sheets do not significantly influence the evolution of one
another. A weak guide field enhancement (red) due to pressure
balance exists at the lower current sheet beyond the two
outward expanding reconnection exhaust fronts. A small-scale
secondary island occasionally forms within the central X-line
region of this current sheet but is pushed toward one of the two
exhaust regions before another island has time to form. The
dynamics of the lower current sheet is therefore dominated by
this single X-line and the two expanding exhaust regions
of enhanced guide magnetic field. There are no signs of any
asymmetric quadrupole Hall magnetic fields at either of the
current sheets, which is likely a result of the strong guide field
that suppresses each of the two Hall field depressions of a
quadrupole Hall field.

The time evolution of the out-of-plane magnetic field
illustrates that guide field depressions (blue) tend to form
between neighboring islands within the upper current sheet.
The depressions occasionally expand into a ring-like envelope
around an island. The strongest depression magnitudes appear
on either side of the upper current sheet in the vicinity of
islands with an irregular shape, which is due to a recent
coalescence of two islands. The lower current sheet does not
seem to support a similar generation of dynamic guide field
depressions. The only exception appears to be a semi-
permanent presence of a weak guide field depression near the
exhaust fronts. The focus of the remainder of this section is to
provide a possible explanation of the dynamic guide field
depressions that tend to form at the upper current sheet.
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Figure 3. Time evolution of the normalized out-of-plane magnetic field By, in a 100 x 30 L; region of the N-L plane at (a) w.t = 63.5, (b) weit = 83.0, (c)
weit = 102.5, and (d) w.it = 122.0. Black contours display the in-plane magnetic field.

Figure 4(a) illustrates the same out-of-plane B,, magnetic
field perturbation as shown at a time step wt = 122.0 in
Figure 3(d), while Figure 4(b) shows the corresponding
L component of the electron velocity normalized by the
asymptotic V,;,. There are two vertical bands of horizontal
flow at 3%—-5% V,, that together form parts of a large-scale
plasma circulation (Lapenta 2008) driven by the two outward
propagating exhaust bulges of the lower sheet that forces the
upstream plasma in a vertical displacement away from the
approaching front. A rarefied region is created in their wake
that brings ions and electrons back toward the X-line along E x
B streamlines. This large-scale flow circulation does not
typically form around the islands of the upper current sheet
since their jet-aligned motion is restricted by adjacent islands.
Figure 4(a) shows a general presence of out-of-plane B, field
depressions on either side of the By, field enhancements that
occupy the magnetic islands of the upper current sheet. The By,
depressions are most pronounced in the vicinity of two classes
of interacting magnetic islands. One class displays a surviving
pair of small islands in close proximity within a large-scale
island as seen at 85 < x; < 95 L; and 140 < x; < 150 L; in
general agreement with the Figure 2 schematic. In fact, a
detailed examination of the in-plane magnetic field between the
two small islands centered near x;, = 90 L; shows a sign flip in
the direction of By while the exhaust maintained its direction
consistent with the proposed Figure 2 schematic. A second

class is characterized by irregular field contours within islands
as seen at x; = 60 L; and x; = 105 L; which are due to a recent
coalescence of two islands as shown by the time evolution of
the guide field perturbations in Figure 3.

A possible explanation of the B, depressions can be found
by examining the in-plane component of the differential flow of
electrons relative to ions as displayed in Figure 4(c). This
quantity can be written as (V .~V ;)yz- Byr/ABni| where subscript
“NL” represents a vector projection into the plane perpendi-
cular to the guide field M direction. This in-plane differential
flow parallel to By, is much larger than the in-plane differential
flow normal to B, (not shown) and is therefore the dominant
contribution to the in-plane current Jy;, = —(N,V ~N,V;)n. that
couples to By, via Ampere’s law, where N, and N; are the
electron and ion number densities. The sense of rotation can be
inferred by noting the direction of By;, which is indicated by
small arrows in Figure 4. A clockwise differential flow, which
is colored blue in the upper current sheet and red in the lower
current sheet, supports the enhanced AB,; > 0 at the center of
both current sheets. We note that (V ,~V;)x; is due primarily to
the electron flow parallel to B, which has a small in-plane
projection, in order to support the out-of-plane current at the
center of the islands.

Figure 5 displays the four sets of example signatures of the
magnetic field and the in-plane velocity across the two current
sheets as indicated in Figure 4 by vertical trajectories along the
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Figure 4. (a) B), magnetic field in a 100 x 30 L; region at w.t = 122.0. (b) L component of the electron velocity. (c) In-plane component of the field-aligned
differential flow (V,~V;) of electrons relative to ions with red indicating a field-aligned or parallel flow and blue indicating an anti-parallel flow. Black contours
display the in-plane magnetic field, which is directed as indicated by horizontal arrows. Vertical dashed lines mark virtual spacecraft fly-throughs along the current
sheet normal at x; = 146 L; (green), 128 L; (purple), 105 L; (blue), and 86 L; (black).

normal x direction at x; = 86, 105, 128, and 146 L; that we
compare with the Cluster observations in Figure 1. The
locations of the maximum AB,; < 0 depression are marked by
vertical dotted lines on either side of the upper current sheet.
These B, minima coincide with enhanced magnitudes of the
reconnecting magnetic field (B;) as also observed by the
Cluster satellites. The normal component of the magnetic field
across the simulated island of the upper current sheet at
x; = 146 L; in Figure 5(bl) displays a rotation from By < 0 to
By > 0 and back again to By < 0 that explains the very similar
By variation observed by C3 (see Figure 1(g)). This By
signature is consistent with passing through the By > 0 edge
region of a small island immersed within the By < 0 region of a
large-scale island. The magnitude of this By signature is
expected to become weaker following the coalescence of two
small islands as shown across the simulated island at x; = 105
L; in Figure 5(b3).

Figure 5 illustrates a clear example of a tripolar By,
signature across the upper current sheet at x; = 105 L; where
ABy/AXy = 0.020By/L; and 0.016By/L; on the two sides of the
exhaust and AXy = 0.78 L; and 1.33 L, respectively, between
the Bj, minimum of the depression and the external guide field.
Another tripolar example is shown along the cut at x;, = 146 L;
with ABy/AXy = 0.008By/L; on both sides and AXy = 3.20 L;
and 2.58 L;, respectively. These normalized depression rates are
in general agreement with those observed by Cluster and listed
in Table 1. However, not all locations along the upper current
sheet display a tripolar B, signature as illustrated by the
trajectories at x;, = 86 and 128 L; where the guide field
perturbation rather resembles a bipolar By, signature similar to
what C2 observed. This is not representative of a quadrupole
Hall field, but rather reflects an inherent variability of AB,,

depressions along the exhaust direction that most likely
explains the variable magnitude of the first By, depression as
observed between the four Cluster satellites.

There are no significant tripolar B,, signatures across the
lower current sheet, either ahead of the reconnection front at
x;, = 146 L, where a B, enhancement related to pressure
balance of the unperturbed current sheet resides, or across the
exhaust regions at x, = 86 or 105 L, The only candidate
tripolar fields of the lower current sheet are the semi-permanent
signatures found near the exhaust fronts as seen from the time
evolution of the guide field perturbation in Figure 3. This is
exemplified in Figure 5 by the normal cut at x;, = 128 L;, which
displays a low AB,/AXy = 0.002By/L; below the lower
current sheet and AB,/AXy = 0.004By/L; above it.

Figures 4(c) and 5(e)—(f) show that the deep B,, minima of
the tripolar fields coincide with the location where the in-plane
differential electron flow V4, = (V,V;)y. and the in-plane
components of AV, = V Vg transitions between an inner
ring of strong clockwise V. and a clockwise AV, to an outer
region of counterclockwise V, and AV,. This result is
consistent with the proposed in-plane field-aligned electron
velocity in Figure 2. The single X-line and the two exhausts of
the lower current sheet only support an inner ring of clockwise
V. consistent with the enhanced B,;, within the exhaust
regions. This is also true for the candidate tripolar event of the
exhaust front at x; = 128 L;, where the pair of green vertical
dotted lines in Figure 5 mark the two By, minima. There is no
evidence of an outer ring of counterclockwise V ;4. beyond these
weak Bj; minima.

Figures 4 and 5 suggest that there is a direct relation between
the presence of AB,, < 0 depressions adjacent to the islands of
the upper sheet and the presence of a counterclockwise
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Figure 5. Normalized simulation quantities at w;t = 122.0 along the four vertical trajectories shown in Figure 4 at x;

xz = 105 L; (top right), and x;, = 86 L; (

bottom right). The reconnecting B;, magnetic field is shown in panels

(

panels (bl)-(b4); the out-of-plane By, magnetic field is shown in panels (c1)—(c4) together with the magnetic field magnitude (dash—dotted line), and the exhaust

direction L components of the ion (black) and electron (red

flow (V .~V ,) are shown in panels
lines mark the locations of maximum B,, depressions from the external guide field.
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Figure 6. Time evolution of the normalized in-plane component of the field-aligned in-plane differential flow (V ,~V;) of electrons relative to ions in a 100 x 30 L;
region of the N-L plane at (a) weit = 63.5, (b) weit = 83.0, (¢) weit = 102.5, and (d) wit = 122.0. Black contours display the in-plane magnetic field while red (blue)
corresponds to parallel (anti-parallel) differential flow relative to the in-plane magnetic field.

differential electron flow V,, which is colored red in the
vicinity of the upper current sheet (see Figure 4(c)). An
examination of the time evolution of the guide field perturba-
tions AB,, (see Figure 3) and the corresponding evolution of
the in-plane V, shown in Figure 6 support this proposed
correlation between ABy; < 0 and a counterclockwise V4, on
either side of the evolving islands. It appears that this relation is
most pronounced when two small-scale islands approach one
another and coalesce within a large-scale host island. In this
case we confirmed from an integration of the outer ring current
of counterclockwise V ;. at w.it = 122.0 and along the normal
direction that the AB;; < 0 depression extends throughout and
beyond the radius of the host island as shown in Figure 7(a)
such that its superposition with the stronger AB,, > 0 axial field
due to the inner ring current of clockwise V 4, (see Figure 7(b))
results in a remnant ring-like feature of AB,; < 0 around the
host island and a tripolar signature as shown in Figure 7(c).
The total AB,, perturbation field generated by these in-plane
currents is essentially identical to the simulated AB,, (see
Figure 3(d)). The clockwise in-plane current supported by the
counterclockwise V4, appears to be related to the anti-parallel
current that forms between two approaching and coalescing
islands (e.g., Browning et al. 2014) at the center of a large-
scale island as illustrated in Figure 7(d). The coalescing islands
at x;, = 90 and x;, = 105 L; show a strong anti-parallel current

and a strong AB,, depression as compared with the much
weaker AB,, depression for the island at x; = 75 L; without an
anti-parallel current. This island interaction process of conver-
ging and coalescing small-scale islands within a host island is a
plausible explanation of why a typically weaker axial field
By > 0 exists within dynamic islands at x; = 90, 105, and 145
L; at wgt = 122.0 (see Figure 7) as compared with a stronger
axial field within the islands at x; = 75, 120, and 130 L;. The
general absence of AB,,; < 0 depressions and counterclockwise
differential electron flows adjacent to the lower current sheet,
where this flow would have been colored blue in Figure 6,
appears to be directly related to a dearth of interacting islands
according to this kinetic simulation with a strong guide field.

4. CONCLUSIONS

We conclude that the observations recorded by the Cluster
satellites across a solar wind reconnection exhaust on 2006
February 2 are consistent with the presence of multiple X-lines
and two magnetic islands at this current sheet on the basis
of the observed in-plane magnetic fields across the Cluster
constellation, such as the opposite By recorded by C1 and
C3 when these satellites measured a unidirectional plasma
exhaust. All four Cluster satellites also observed a clear tripolar
out-of-plane magnetic field perturbation across the exhaust
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dominated by a positive By, component at the center of each current sheet.

and superposed on the strong guide field. The signature
consisted of a strengthening of the background guide field
within the exhaust, while narrow guide field depressions with
ABy/By = 7%—14% existed along both edges of the exhaust. A
possible explanation of this tripolar field is provided by a PIC
simulation for the observed guide field ratio B,/B; = 3.9 and
realistic solar wind temperatures that reproduced a tripolar field
and many of the observed magnetic field signatures at Cluster,
such as regions of enhanced B; localized to the By,
minima, and a positive By in a broader region of negative
By, which signifies the presence of an island within the
exhaust. The PIC simulation suggests that a tripolar out-of-
plane magnetic field develops in a strong guide field with
symmetric fields and plasma conditions across the current sheet
due to interacting magnetic islands that form an additional in-
plane current in a direction opposite, and beyond, the in-plane
current that supports the central axial field of a large-scale
island.

The unique multi-satellite Cluster observations recorded
during a period of just 18s show that tripolar perturbations
of the out-of-plane magnetic field may extend between 9 and
90 L; along solar wind exhausts while displaying some
variation along the two sides of the current sheet. The similar
observations recorded 63 minutes apart by the ARTEMIS

and WIND satellites for By/B; = 2.8 (Eriksson et al. 2014)
suggest that tripolar guide fields may develop as far apart as
400 L; along the exhaust direction at the same solar wind
current sheet. The comparison of the different evolutions of
the simulated tripolar guide field perturbations for B,/B; = 3.9
presented here and the simulation reported by Eriksson et al.
(2014) for By/B; = 0.5 suggest that the tripolar By, fields
observed by ARTEMIS and WIND for B,,/B; = 2.8 may have
been a case of interacting islands in the solar wind rather than
being due to Hall magnetic fields. However, a tripolar guide
field perturbation across a solar wind exhaust reflects
the presence of multiple X-lines according to both simulations,
whether the tripolar perturbation is due to in-plane Hall
currents from two X-lines for a weak guide field ratio
By/B;, = 0.5, as discussed by Eriksson et al. (2014), or due
to in-plane currents generated from interacting islands as is the
case for By/B; = 3.9. We propose that a tripolar guide
field perturbation may be used to help identify candidate
regions containing interacting magnetic islands for current
sheets immersed in a strong guide field. We quantify what
constitutes a significant tripolar perturbation in the solar
wind at 1 AU by the condition that the By, minima satisfy
ABy/AXy > 0.005By/L; relative to the background guide field
as observed by Cluster on 2006 February 2. This value is
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consistent with similar AB,/AXy rates obtained by the PIC
simulation.

Observations from Cluster, ARTEMIS, and WIND indicate
that tripolar guide field perturbations are a relatively rare
occurrence in the solar wind at 1 AU. This may reflect a general
predominance of single X-lines. Another possibility may be
the relatively low density of multiple X-lines at 1 AU, either
with X-lines forming too far apart to form regions of
overlapping in-plane Hall currents in the low guide field
regime as discussed by Eriksson et al. (2014), or with islands
forming too far apart to allow a dynamic interaction between
them and the formation of a tripolar guide field perturbation in
the strong guide field regime.
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